Risk taking, as is any other phenotypic and/or behavioural trait, is determined by proximate constraints related to time or resource availability and by evolutionary adaptive restraints related to the di¡erences in the costs of risk taking and its bene¢ts in terms of ¢tness. Because risk taking is in£uenced by many confounding variables related to experimental design, environment, parents and o¡spring, few ¢eld studies have been reported which unambiguously separate the e¡ects of restraints from those of constraints. We compared parental risk taking in blue tits (Parus caeruleus) during brood defence towards a nest predator in broods with experimentally reduced and natural egg-hatching success leaving the original number of eggs in the nest. The experimentally reduced broods had more time or resources available and lower risk-taking bene¢ts compared to the control broods.`Constraint' would predict more risk taking in broods having experimentally reduced egg-hatching success, whereas`restraint' would predict the opposite e¡ect with more risk taking in broods with natural egg-hatching success. We report, to our knowledge, the ¢rst ¢eld study experimentally demonstrating a brood defence restraint in response to reduced egg-hatching success. This demonstration was only possible after controlling for more than 20 potential confounding variables showing once more how complicated it is to separate proximate from evolutionary levels of analyses in natural populations.
INTRODUCTION
The expression of morphological and behavioural phenotypes and their ¢tness consequences are in£uenced by both proximate`constraints' and evolutionarily adaptivè restraints' (Curio 1982) . The proximate constraint hypothesis assumes that phenotypic expression varies according to time or resource availability. For instance, individuals in high-quality territories can proximately reproduce a larger clutch than individuals in low-quality territories. The reason for that is that a high-quality territory provides more food, which is essential in clutch development, than a low-quality territory. The adaptive restraint hypothesis assumes that phenotypes have been selected to maximize their lifetime contributions to following generations. Their phenotypic expression will be adjusted according to the di¡erences between the costs of phenotype expression and its gains in terms of ¢tness (e.g. Williams 1966; Trivers 1972; Dawkins & Carlisle 1976; Curio 1982; Krebs & Davies 1991) . For instance, the di¡erence between the bene¢ts and costs of producing a large clutch is larger in a high-quality territory than in a low-quality territory which explains the positive relationships between clutch size and territory quality. Separating the e¡ects of adaptive restraints from those of proximate constraints is often complicated and requires an experimental approach (e.g. Curio 1982; Slagsvold & Lif jeld 1988; Stearns 1992; Gotthard & Nylin 1995; HillstrÎm 1995) . For instance, phenotypic expression and its consequences are in£uenced by confounding variables, many of which are often not taken into account in ecological and behavioural studies (e.g. Montgomerie & Weatherhead 1988) .
Experiments investigating risk taking during brood defence in relation to the reproductive value of the brood provide opportunities for separating the e¡ects of proximate constraints from those of adaptive restraints. In a risk-taking context, parents defend larger, older and/or more healthy broods more vigorously against predators than smaller, younger broods and/or broods of low physical condition (Montgomerie & Weatherhead 1988; Forslund 1993; Curio & Onnebrink 1995; RytkÎnen et al. 1995) . The constraint hypothesis predicts that the amount of time or energy available determines how much a parent can invest in di¡erent aspects of parental care, including food provisioning, vigilance and o¡spring defence (Martin 1992 ). The hypothesis assumes that variation in parental or territory quality re£ects variations in resource availability, this being the common cause for the observed relationships between environmental features, parental investment and o¡spring characters (Van Noordwijk & De Jong 1986) . Parents in highquality territories can produce both larger broods and heavier o¡spring. They have more time available to invest in di¡erent activities. In addition, broods may be less vigorously defended because of lower food availability or reduced parental condition (Hakkarainen et al. 1998) . Older broods may be more vigorously defended if energy or time availability increases with the progress of the season. According to the adaptive restraint hypothesis, the intensity of risk taking is determined by the di¡erence between its bene¢ts and costs (see above), which should always be maximized. Because the ¢tness costs of brood defence in terms of parental survival probabilities are independent of brood quality, investment in risk taking should be directly related to brood quality re£ecting the ¢tness bene¢ts. The restraint hypothesis assumes that phenotype expression is in£uenced by trade-o¡s between current and future reproduction (Williams 1966) . Thus, because of the immediate potential survival cost during defence, parents may not risk their lives when the bene¢ts of risk taking are low, in order to assure additional reproductive attempts in the future (e.g. Montgomerie & Weatherhead 1988) .
In brood size manipulation experiments, the constraint hypothesis predicts more risk taking in reduced than in control broods because parents can allocate more time or energy to care for few o¡spring. For a constant o¡spring condition, the adaptive restraint hypothesis predicts lower investment after brood reduction because experimentally reduced broods have a lower reproductive value (i.e. lower risk-taking bene¢ts) than control broods. In a study population of blue tits (Parus caeruleus), we experimentally decreased egg-hatching success in some broods in order to reduce the risk-taking bene¢ts and increase parental time or resource availability in these broods at the same time. The brood defence behaviour of parents presented to a nest predator was compared between reduced and natural brood sizes after controlling for more than 20 potential confounding variables related to environmental factors, parents and o¡spring. The results support the prediction of the adaptive restraint hypothesis.
MATERIAL AND METHODS

(a) Study site and protocols
Blue tits breeding in nest-boxes in a study plot in mainland southern France (Rouvie© re, near Montpellier) were followed using standardized protocols (Dias & Blondel 1996) . All nests were checked weekly to obtain data on their basic breeding biology, i.e. the onset of nest construction, the onset of egg laying, clutch size, the date and proportion of eggs hatched, chick morphology (body mass and tarsus length) and the number of chicks £edged. Parents were trapped when feeding 10^15-day-old chicks. The parents' wing length, tarsometatarsus length (tarsus), body mass, bill length (culmen) and age were noted (cf. Blondel et al. 1999) . In addition, both parents and chicks were ringed and individually marked to allow individual recognition.
(b) Predator used and brood defence measures
A stu¡ed red squirrel (Sciurus vulgaris) was placed 50 cm below the nest hole with its head facing towards the entrance hole. Squirrels can eat eggs or chicks (Perrins 1979 ) and provoke intense anti-predator responses (e.g. Clemmons & Lambrechts 1992). Although we did not observe squirrels predating blue tit nests in our nest-box population, red squirrels were observed on the study site during the breeding time. Brood defence observations were carried out when the chicks were between nine and 11 days old, i.e. when the energetic requirements of chicks reach maximum values (e.g. Perrins 1979; Gaubert 1985 ). An observer (B.P.) hidden 15^20 m from the nest quanti¢ed the parents' responses towards the squirrel during a 5 min observation period from the moment that both parents were noticed. The observer was not familiar with the literature when the ¢eld study was carried out. These observations provided the following response measures which are also reported in the literature.
(i) The total number of alarm calls (`scolding') (Bijnens & Dhondt 1984) produced by the two parents. The calls were recorded and counted after the experiment. (ii) The closest distance at which one of the parents approached the nest-box (e.g. Curio et al. 1984; Knight & Temple 1986) . The distance between the squirrel and nestbox was used as a reference distance. (iii) The observations continued after the squirrel was removed to quantify the nest returning time, i.e. the time period between the moment of squirrel removal and the time the ¢rst parent perched on or entered the nest-box (e.g. Dale et al. 1996) . The nest returning rate was measured with a stopwatch.
For one reduced brood (box 63) the minimum distance of approach could not be estimated because the two parents that responded with alarm calls could not be observed in the canopy.
For some nests, we checked whether or not the blue tits perceived the stu¡ed red squirrel as a threat to the chicks. Parents in 13 nests were presented with the squirrel on one day and a piece of wood at the same distance and of the same size as the squirrel on another day. The order of presentation was randomized and included both the control and reduced broods. During the 5 min of observation, parents with the squirrel produced 3.5 times more alarm calls (squirrel 68.9 § 39.7 versus wood 20.0 § 21.0, paired t-test, tˆ4.51 and p50.001) and stayed at a signi¢cantly greater distance from the nest (squirrel 3.1 §2.7 m versus wood 0.02 § 0.08 m, paired t-test, tˆ4.09 and pˆ0.0015) than parents with the wood. Parents with the squirrel never entered the nest. Parents with the wood sat on the box or visited the nest during the observation period. The blue tits in our study plot apparently perceived the stu¡ed red squirrel as dangerous, thus making the predator model suitable for experimental studies of risk taking. These 13 nests were used in the main study because there was no bias concerning the proportion of reduced and control broods a¡ected by this trial.
(c) Control for confounding variables
Anti-predator defence is in£uenced by a series of environmental, parental or o¡spring characters (e.g. Knight & Temple 1986; Montgomerie & Weatherhead 1988; Martin 1992; Forslund 1993; Curio & Onnebrink 1995; RytkÎnen et al. 1995; Dale et al. 1996; Bures & Pavel 1997; Hakkarainen et al. 1998) , which potentially mask e¡ects and complicate data interpretation (Montgomerie & Weatherhead 1988) . To avoid these problems, the experimental design controlled for di¡erent potential confounding variables (table 1) .
(i) The study was carried out in a single plot excluding the e¡ects of population di¡erences in brood defence behaviour. (ii) All brood size manipulation experiments reported in the literature have included the removal or addition of eggs or chicks or swapping chicks between control broods (e.g. Montgomerie & Weatherhead 1988; Pettifor et al. 1988; Tinbergen & Boerlijst 1990; Lessells 1991; Pettifor 1993; Curio & Onnebrink 1995; Blondel et al. 1998 ). In such experiments, the parents can make an experimentally introduced association between the presence of the observer and a disturbing factor (e.g.`nest predation') causing a potential bias in the experimental design. To avoid such a bias, we manipulated the egg-hatching success in the reduced broods without changing the number of eggs in the nest. Complete clutches with incubating females were randomly divided into two treatments: control broods with natural brood sizes and experimentally reduced broods. The broods were reduced to a size which allowed a single parent to raise their chicks alone with success. In the reduced broods, egg development was stopped with water of 60^80 8C to obtain four viable eggs per nest eight to ten days after the onset of incubation. Control broods were treated in a similar way in that all eggs were removed and put back without manipulating the egg-hatching success. Contrary to former clutch or brood reduction experiments, a surplus of eggs and/or chicks did not have to be distributed among nests not included in the study, thus minimizing the sample size of the manipulated nests. All the experimentally reduced broods (22 nests) and 35 out of 36 control nests with manipulated eggs produced hatchlings. Twenty-nine out of the 36 control nests were presented with the predator. All broods presented with the predator produced £edglings. (iii) The broods were randomly divided into`reduced' or control' broods so that the two brood types had territories and parents of similar quality. (iv) The brood defence observations always started after both parents were noticed to control for brood di¡erences in parent availability. The tests were carried out between 09.00 and 15.40. The time of day when the brood defence observations were conducted did not di¡er between the reduced and control broods (Fˆ1.35, d.f.ˆ21,28 and pˆ0.48). (v) Although we assumed that chicks do not call during parental brood defence, this has rarely been checked quantitatively during brood defence experiments. Therefore, the chicks were removed during the brood defence measures to avoid the possibility of the chicks (e.g. begging calls) and parents interacting during brood defence. In most broods, the parents were present when the stu¡ed squirrel was placed near the nest-box and the chicks were removed. The proportion of broods with parents present prior to the brood defence observations did not di¡er signi¢cantly between the control (0.62, nˆ29) and reduced broods (0.64, nˆ22) (w
2ˆ0
.01, d.f.ˆ1 and pˆ0.91). (vi) Nine-to 11-day-old chicks were weighed on the day the brood defence observations were carried out. Because chick body mass changes with age when chicks are up to 13 days old (Perrins 1979; Gaubert 1985) and in order to combine the di¡erent age classes in the analyses, we calculated standardized values. These values were obtained by subtracting individual chick masses from the measured mean of the age class and dividing the result by the standard deviation for each age class (cf. Blondel et al. 1998) . To assure independence of the data, brood averages were calculated and used in the analyses. (vii) Statistical analyses controlled for brood characteristics (chick body mass and treatment) during the analyses with brood defence as a dependent variable (see below).
(d) Statistical analyses
ANOVA and MANOVA procedures (proc GLM, SAS Institute, Inc. 1992) were used to compare the measures of territory and parental quality between the reduced and control broods. ANCOVA procedures (proc GLM, SAS Institute, Inc. 1992) were used to test the e¡ects of treatment (reduced versus control) and chick body mass (nine-to 11-day-old chicks) and their interactions on the di¡erent response measures of the parents.
RESULTS
The reduced and control broods did not di¡er signi¢-cantly in the di¡erent measures re£ecting territory or parental quality (clutch size, date of egg laying, age and morphology of females and age and morphology of males) using both the MANOVA (Lawley test, Fˆ0.77, d.f.ˆ12,27 and pˆ0.67) and ANOVA procedures (all p40.10) (table 2). As expected, chicks from the broods with experimentally reduced egg-hatching success were signi¢cantly heavier than chicks from the control broods. The chick tarsus length did not di¡er between the two brood types (table 2) .
The e¡ect of the interaction of treatment £ chick body mass on the minimum distance of approach was not signi¢cant (Fˆ2.69, d.f.ˆ1,46 and pˆ0.11) (¢gure 1). However, for a given chick body mass, parents with reduced egg-hatching success stayed at a greater distance than parents with natural egg-hatching success (Fˆ9.19, d.f.ˆ1, 46 and pˆ0.004 study plot observer predator (position, type and behaviour) timing of predator presentation (time of day and presence of parents) clutch manipulation (eight to ten days after the onset of incubation and no egg removal) onset of egg laying (territory/female quality) clutch size (territory/female quality) egg-hatching date male body mass male tarsometatarsus length male wing length male culmen male age (¢rst year or older) female body mass female tarsometatarsus length female wing length female culmen female age (¢rst year or older) chick age (nine to 11 days after hatching during predator presentation) chick begging behaviour (chick removal during predator presentation) chick body condition (ANCOVA) d.f.ˆ1,47 and pˆ0.96) and treatment (Fˆ2.18, d.f.ˆ1,47 and pˆ0.15) on the nest returning time were not signi¢cant.
DISCUSSION
In unmanipulated blue tit broods both parents are required for food provisioning of the chicks (e.g. Nur 1984). This is consistent with our observations that chicks from broods with experimentally reduced egg-hatching success were signi¢cantly heavier than chicks from control broods with natural egg-hatching success. Furthermore, prior to the brood defence observations, signi¢cantly more control than reduced broods begged (40.7% and nˆ27 versus 4.8% and nˆ21; w 2 , d.f.ˆ1 and pˆ0.017) despite the fact that parental body mass did not di¡er between the control and reduced broods. Thus, parents with experimentally reduced broods could allocate more time or resources to activities other than feeding o¡spring, such as brood defence. In contrast to the predictions of the proximate constraint hypothesis (see }1), control broods provoked signi¢cantly stronger brood defence than those with experimentally reduced size where a single parent is su¤cient for rearing chicks. This hypothesis therefore cannot explain our ¢ndings.
Tit parents responding to a nest predator face indirect or direct risks of being injured or killed (e.g. Montgomerie & Weatherhead 1988) . Intense alarm calling can increase the risk of being taken by predators such as sparrowhawks (e.g. Adriaensen et al. 1998 ). In addition, breeding tits in our study site were killed by predators in their nests (M. M. Lambrechts and P. Perret, personal observations). The adaptive restraint hypothesis predicts that risk taking increases when the ¢tness bene¢ts of risk taking increase.
In natural tit populations, ¢tness bene¢ts are correlated with the number of chicks £edged and chick body mass. Tit parents producing more £edglings and/or heavier chicks have a better chance of recruiting o¡spring in the local breeding population (e.g. Perrins 1979; Pettifor et al. 1988; Tinbergen & Boerlijst 1990; Pettifor 1993; Horak 1995; Blondel et al. 1998) . We reduced brood sizes via egghatching success resulting in fewer and heavier chicks compared to control broods with high egg-hatching success. For a given chick body mass, the parents with control broods approached the nest predator at a shorter distance and tended to alarm more than the parents with experimentally reduced brood sizes, favouring the adaptive restraint hypothesis.
Di¡erent hypotheses related to adaptive risk-taking restraint predict relationships between brood defence and chick body mass after controlling for treatment (reduced versus control). According to the`harm to o¡spring' hypothesis parents should take less risks with heavier than with lighter broods because the harm that heavy chicks su¡er from no immediate parental care is lower (Montgomerie & Weatherhead 1988; Dale et al. 1996) . The`reproductive value' hypothesis predicts the opposite with more risk taking in parents having heavier broods with a higher reproductive value (see above). For a constant treatment, brood defence was more intense in parents with heavier than with lighter chicks favouring the reproductive value hypothesis. Very large chicks are more vulnerable to predators after £edging and, therefore, may have a somewhat lower reproductive value than medium-sized chicks (e.g. Gosler et al. 1995; Adriaensen et al. 1998) . For a given treatment, no evidence was found for reduced risk taking in large chicks compared to medium-sized chicks. Repeating the same experimental design with other predators, such as sparrowhawks (cf. Dale et al. 1996) , could verify whether the results would change with the type of predator used. Begging calls in£uence parental investment (Harper 1986; Godfray 1991; Kilner & Johnstone 1997; Davies et al. 1998) . Larger broods should produce more and louder begging calls than smaller broods, perhaps explaining the positive relationships between parental investment and brood characteristics reported in the literature. Our study di¡ered from former studies in that the chicks were removed during the risk-taking experiment in order to avoid vocal interactions between chicks and parents during the experiments. The parents therefore could not assess immediate chick needs, perhaps explaining why the nest returning time after predator removal was not correlated with the brood characteristics. The cues parents use in risk-taking adjustment to egg-hatching success, independently from chick begging behaviour during brood defence, remain unknown and require further study.
Distinguishing between the e¡ects of proximate constraints and evolutionarily adaptive restraints would not have been possible if we had not controlled for many potential confounding variables related to the experimental protocol and factors related to territory quality, parental quality and o¡spring characters. Our study therefore shows once more that separating ecological from evolutionary e¡ects is extremely di¤cult in freeliving organisms, requiring both experimental and multifactor examinations. . Parental brood defence (alarm calling, minimum distance of approach and nest returning time) towards a stu¡ed red squirrel against chick body mass for parents with control broods with naturally high egg-hatching success, and experimentally reduced broods with low egg-hatching success. The chick body masses of nine-to 11-day-old chicks measured the day the brood defence observations were carried out represent standardized values (see } 2).
